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Cold Nuclear Matter Effects in 



Introduction 
d+Au collisions at RHIC allow us to measure cold nuclear 
matter (CNM) effects without additional effects from a hot 
medium. 

PHENIX recorded d+Au collisions in 2003 and higher statistics 
in 2008. 

 

The effects we’re interested in measuring include: 
1.  Shadowing of parton distributions 
2.  Cronin enhancement at moderate pT 

3.  Nuclear break-up of heavy quarkonia 
4.  And possibly more… 
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Nuclear Shadowing 
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Parton distribution functions in nuclei deviate from those in nucleons. 
 
Enhancement/suppression varies with x,Q2. 
 
 
 
 
Possibly gluon saturation/CGC effects at  
very low x, not crystal clear from the  
data-theory comparisons. 
 
 
 
Nuclear PDFs are available that incorporate shadowing effects.  EPS09 is 
one example, as well as EKS98, nDSg, and others. 
•  EPS09 provides multiple variations of the PDFs so that an uncertainty 

band can be calculated. 
•  EPS09s recently released with b-dependence, see arxiv:1205.5359 
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realizations [94, 95, 96] differ in the initial conditions, in the consideration of impact

parameter, and in the treatment of large-size dipoles and of the evolution for not very

small x. They turn out to give results which may vary as much as a factor 10 for

x ∼ 10−7. Predictions for heavy flavour production also exist [95, 97].

The saturation scale computed within BK evolution behaves like Q2
s ∝ x−dαs , with

d = 4 ÷ 5. Its dependence on the nuclear size is not yet fully determined; in the
most widely employed approximation valid for a very large nucleus, the A-dependence

follows that of the initial conditions, usually ∝ A1/3. Besides, running coupling effects

modify both dependencies dramatically [93]. The saturation scale can also be studied

within phenomenological approaches [41, 67, 89, 90, 91]. For example, a value for

the saturation scale can be obtained from Glauber approaches (11) as the value of Q2

for which the effect of the exponential factor in this equation becomes sizable (other
geometrical criteria have also been essayed, like percolation [98]). Values extracted from

this kind of studies are Q2
s ∼ Aδ(x/0.01)−0.3 GeV2, with δ ! 1/3.

Finally, other approach to the problem considers power-suppressed corrections‖
in 1/Q. Such power-suppressed contributions are enhanced by the nuclear size. The

first power-suppressed correction to DGLAP evolution [50, 51] results in a non-linear

equation. From the equality of the linear and non-linear terms, a value for the saturation
scale can be extracted [17] which results in rough agreement with the estimations

previously discussed, see the solid black lines in Fig. 3 [17]. More recently, such

power-suppressed contributions have been re-summed [54] in the high-energy eikonal

limit, resulting in a rescaling of the x variable whose results reasonably describe the

experimental data, see Fig. 11. Besides they are in agreement with available data on

the nuclear effects on the longitudinal to transverse cross sections [100]. Also more

phenomenological studies [55] are in agreement with the experimental data.

3. Models based on DGLAP evolution

Another type of models do not try to address the origin of nuclear shadowing (or of

modifications of parton densities in nuclei in general) but to study the Q2-evolution of

nuclear ratios of parton densities,

RA
i (x, Q2) =

fA
i (x, Q2)

A fnucleon
i (x, Q2)

, fi = q, q̄, g, (18)

through the DGLAP evolution equations [25, 26, 27], see also [3]. From the very first

attempts [101], several analysis have appeared [46, 47, 99, 102, 103, 104, 105, 106]. They

try to perform for the nuclear case the same program developed for the nucleon: Nuclear
ratios are parametrized at some value Q2

0 ∼ 1÷ 2 GeV2 which is assumed large enough

for perturbative DGLAP evolution to be applied reliably. These initial parametrizations

for every parton density have to cover the full x range 0 < x < 1. In the nuclear case,

‖ The high-density QCD approach does not correspond to a fixed order in the power expansion but
re-sums, in some limit, all power-suppressed contributions.
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Figure 1. An illustration of the fit function RA
i (x) and the role of the parameters xa, xe, y0, ya,

and ye.

xa and xe, eliminates 6 out of the 13 parameters. The remaining ones are expressed in

terms of the following 6 parameters with obvious interpretations:

y0 Height to which shadowing levels as x → 0

xa, ya Position and height of the antishadowing maximum

xe, ye Position and height of the EMC minimum

β Slope factor in the Fermi-motion part,

the remaining parameter c0 is fixed to c0 = 2ye. The roles of these parameters are illustrated

in figure 1 which also roughly indicates which x-regions are meant by the commonly used

terms: shadowing, antishadowing, EMC-effect, and Fermi-motion.

The A-dependence of the fit parameters is assumed to follow a power law

dA
i = dAref

i

(

A

Aref

) pdi

, (2.5)

where di = xa, ya . . ., and where the reference nucleus is Carbon, Aref = 12.

The baryon number and momentum sum rules eliminate y0 and py0 for valence quarks

and gluons, leaving us with 32 free parameters. This is still way too large number of

parameters to be determined only by the data — further assumptions (based on prior

experience) are needed to decide which parameters can truly be deduced from the data

and which can be taken as fixed.

2.3 Experimental input and cross-sections

The main body of the data in our analysis consists of " + A DIS measurements. We also

utilize the DY dilepton production data from fixed target p+A collisions at Fermilab and

inclusive neutral-pion production data measured in d+Au and p+p collisions at RHIC.1

Table 1 lists the sets included in our analysis and figure 2 displays their kinematical reach

1In contrast to our previous analysis [4], we do not include the BRAHMS forward rapidity charged

hadron d+Au data here. These data will be separately discussed in section 4.
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Cronin Enhancement 
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Enhancement of hadron production in heavy ion 
collisions  
 
Usually modeled as multiple scattering of the incoming 
parton on the nucleus. 
 
Most models don’t have any PID dependence… 
•  However, measured enhancement is larger for 

protons than pions/kaons. 
•  Originally thought to be due to steeper pT spectrum 

of protons and that it would go away at higher 
energies. 

 
But proton enhancement is still much larger at RHIC 
energies! 
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Published PHENIX Results 
To remind people what has been published since last QM: 
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on which any suppression with a given geometric depen-
dence must lie.

The experimental data are also plotted in Fig. 3(b) for
the same quantities. The ellipses represent a 1 standard
deviation contour for the systematic uncertainties, which
are largely uncorrelated between the RdAu and RCP. There
is a substantial deviation between the exponential and
linear cases and the experimental data at forward rapidity,
while at mid and backward rapidities the data cannot
discriminate between the cases. The forward rapidity
data suggest that the dependence on !ðrTÞ is nonlinear
and closer to quadratic. If the dominant mechanism leading
to the modification is different at different rapidities, it is
possible, for example, that the modification at backward

rapidities is linear while at forward rapidities is not. This is
reinforced by the EPS09 plus !br calculation, where re-
gardless of the variation of the nPDF or !br one cannot
simultaneously describe the full centrality dependence of
the data, as seen in Fig. 2.
Other nonlinear density effects (e.g., quadratic) for the

geometric dependence [20] and for the breakup of the c "c
after production [21,22] have been proposed. An alterna-
tive explanation is that initial-state parton energy loss
results in a backward shift of the J=c rapidity distribution
[23]. It has been observed [24] that the nuclear modifica-
tion as a function of center-of-mass rapidity is similar to
that observed at lower energies [1] with a steep increase in
suppression at forward rapidities.
In summary, we have presented precision data on

J=c yields in dþ Au and pþ p collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼
200 GeV over a broad range in rapidity and dþ Au cen-
trality. Nuclear modification factors at forward rapidity as a
function of centrality cannot be reconciled with a picture of
cold nuclear matter effects (nPDFs and a !br) when an
exponential or linear dependence on the nuclear thickness
is employed. Effects of gluon saturation may play an
important role in understanding the forward rapidity mod-
ifications, though other explanations involving initial-state
parton energy loss need further investigation.
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Physics Departments at Brookhaven National Laboratory
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for their vital contributions. We also thank Ramona Vogt
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Nucléaire et de Physique des Particules (France),
Ministry of Industry, Science and Tekhnologies,
Bundesministerium für Bildung und Forschung,
Deutscher Akademischer Austausch Dienst, and
Alexander von Humboldt Stiftung (Germany), Hungarian
National Science Fund, OTKA (Hungary), Department of
Atomic Energy and Department of Science and
Technology (India), Israel Science Foundation (Israel),
National Research Foundation and WCU program of the

 (fm)Tr
0 2 4 6 8 10

A
rb

itr
ar

y 
U

ni
ts

0

0.2

0.4

0.6

0.8

1
T

)
T

(rΛ

d+Au dN/dr

d+Au

0-20%

20-40%

40-60%
60-88%

(a)

 (0-100%)dAuR
0. 3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

C
P

R
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2
=200 GeVNNs in d+Au at ψJ/

ψJ/

ψJ/

 1.2 < y < 2.4

 -0.5 < y < 0.5

 -2.2 < y < -1.2ψJ/

Exponential Case

Linear Case

Quadratic Case

(b)

FIG. 3 (color online). (a) Normalized to unity at the maximum
bin are (solid curves) transverse radial rT distributions in the
gold nucleus for four dþ Au centrality selections and (dashed
curve) density weighted longitudinal thickness as a function of
rT [!ðrTÞ]. (b) RCP versus RdAu for the experimental data
(points) and constraint lines for three geometric dependencies
of the nuclear modification (curves).
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Strong suppression at low xAu in central d+Au 



RdA of Identified Hadrons 
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Mesons follow similar trend w/ pT in all 
centralities. 
 
 
 
Cronin enhancement at moderate pT? 
 
Or nPDF moving through antishadowing 
region into EMC region? 
 
 
Proton enhancement still not explained 
by Cronin or shadowing models. 
Ø  R. Hwa, et al. reproduced RCP using 

recombination of shower + thermal(?) 
partons (nucl-th/0404066). 

 

Nuclear modification factor at psNN = 200 GeV
In d + Au collisions
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hint of modest Cronin enhancement in central d + Au collisions at intermediate pT .
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Nuclear modification factor at psNN = 200 GeV
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New Results 
New and recent results that I’ll discuss today include: 

�  π0 

�  Reconstructed jets 

�  Electrons from heavy flavor decays 

�  J/ψ 

�  ψ´ 

PHENIX has our most comprehensive set of CNM 
measurements to date using Run 8 data. 

But can we understand it all? 
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π0 RdA by centrality 
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New π0 RdA from Run 8! 
 
•  Better statistics than Run 3 
à Extends pT reach by 5 

GeV/c 
à Better constraint for 

nPDFs 
 
Peripheral is most enhanced 
 
Central consistent with no 
modification at pT > 2 GeV/c 
 
 
How do we understand this? 
Competing nuclear effects? 



π0 RdA by centrality 
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(Very basic) shadowing calculation uses 
EPS09 PDF modification* + Glauber 
MC + PYTHIA (x,Q2) sampling for π0. 
 
Shadowing effects match reasonably 
well within the global scale uncertainties 
in central events (where modification is 
weak), but is not compatible with the pT 
shape in peripheral. 
 
 
 
 
 
 
*nPDF modification assumed to scale linearly 
with longitudinal nuclear thickness. 
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See talk by Baldo Sahlmueller 
Parallel Session 3D 



 (GeV/c)rec

T
p

10 15 20 25 30 35 40

  
  
  
  
 

d
A

R

0
0.2
0.4

0.6
0.8

1

1.2
1.4
1.6
1.8

2

PHENIX Preliminary
=200 GeVNNsd+Au, 

=0.3 Gaussian filter jetσ

60-88% (peripheral)

 (GeV/c)rec

T
p

10 15 20 25 30 35 40

  
  
  
  
 

d
A

R

0
0.2
0.4

0.6
0.8

1

1.2
1.4
1.6
1.8

2 0-20% (central)

Reconstructed Jets 
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Jets reconstructed using Gaussian 
filter algorithm. 
•  Same algorithm used in Run 5 Cu+Cu 

and p+p analyses 
 
Higher pT reach than π0s 
 
Enhancement in peripheral, 
suppression in central, 
sound familiar? 

M. Wysocki - QM2012 - Washington DC 



Comparison to π0 RdA 
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Good agreement within uncertainties, and given the difference in observables. 
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plots to be made preliminary (RdA, IV)

π0 and jets of same pT 
sample slightly different 
parton scales, but let’s 
overlay them anyways… 
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Use the same shadowing (EPS09) 
+ Glauber MC model as before… 
 
Moving from antishadowing region 
in x of the Au nucleus à EMC 
effect. 
 
 
Peripheral is falling with pT, in 
contrast with the data. 
à Additional physics… Cronin? 

Central is also falling with pT, the 
data are roughly flat here but also 
suppressed. 

 ~ 0.3 <x> ~ 0.2 
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Figure 1. An illustration of the fit function RA
i (x) and the role of the parameters xa, xe, y0, ya,

and ye.

xa and xe, eliminates 6 out of the 13 parameters. The remaining ones are expressed in

terms of the following 6 parameters with obvious interpretations:

y0 Height to which shadowing levels as x → 0

xa, ya Position and height of the antishadowing maximum

xe, ye Position and height of the EMC minimum

β Slope factor in the Fermi-motion part,

the remaining parameter c0 is fixed to c0 = 2ye. The roles of these parameters are illustrated

in figure 1 which also roughly indicates which x-regions are meant by the commonly used

terms: shadowing, antishadowing, EMC-effect, and Fermi-motion.

The A-dependence of the fit parameters is assumed to follow a power law

dA
i = dAref

i

(

A

Aref

) pdi

, (2.5)

where di = xa, ya . . ., and where the reference nucleus is Carbon, Aref = 12.

The baryon number and momentum sum rules eliminate y0 and py0 for valence quarks

and gluons, leaving us with 32 free parameters. This is still way too large number of

parameters to be determined only by the data — further assumptions (based on prior

experience) are needed to decide which parameters can truly be deduced from the data

and which can be taken as fixed.

2.3 Experimental input and cross-sections

The main body of the data in our analysis consists of " + A DIS measurements. We also

utilize the DY dilepton production data from fixed target p+A collisions at Fermilab and

inclusive neutral-pion production data measured in d+Au and p+p collisions at RHIC.1

Table 1 lists the sets included in our analysis and figure 2 displays their kinematical reach

1In contrast to our previous analysis [4], we do not include the BRAHMS forward rapidity charged

hadron d+Au data here. These data will be separately discussed in section 4.
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Heavy Flavor Electrons 
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Single electrons from heavy flavor 
semi-leptonic decays 
 
Enhancement at intermediate pT 
à Cronin-like kT scattering? 
 
No evidence of suppression 
à Au+Au effect entirely HNM? 
 
Detector configuration prevented 
measurement below pT~0.8 GeV/c 
 
 
 

M. Wysocki - QM2012 - Washington DC 

arXiv:1208.1293, submitted to PRL 



Comparison to EPS09 calculation 
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Single electrons from heavy flavor 
semi-leptonic decays 
 
Enhancement at intermediate pT 
à Cronin-like kT scattering? 
 
No evidence of suppression 
à Au+Au effect entirely HNM? 
 
Detector configuration prevented 
measurement below pT~0.8 GeV/c 
 
Shadowing-only calculation is able 
to reproduce the peripheral 
modification, but not central (not 
even qualitatively). 
    à Opposite of π0 case 
    à Need additional physics 

See poster by Matt Durham arXiv:1208.1293, submitted to PRL 
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Charmonia in CNM 
Still have shadowing, Cronin 
enhancement. 

Additional effect due to size of c-cbar 
bound state: break up due to 
interactions in nucleus. 
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Included as σbr, which decreases with sqrt(sNN).   
Behavior with rapidity/pT not clear. 
 



J/ψ in CNM 
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Phys. Rev. Lett. 107 (2011) 142301 
 
 
J/ψ are suppressed at all rapidities,  
in all centralities. 
 
 
 
Model using shadowing (EPS09) + σbr 
 
 
Qualitatively matches what we see, 
but cannot simultaneously capture the 
rapidity and centrality dependence. 

Au d 



J/ψ vs. pT  
(0-100% centrality) 
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arXiv:1204.0777, submitted to Phys Rev C 

RdAu rises out to pT~5 GeV/c at all rapidities. 
 
Largest disagreement with models is at backward rapidity. 
 
Shadowing + σbr model (no Cronin) does not match the qualitative trend. 
 
Model by Kopeliovich et al. includes Cronin and σbr prediction, qualitatively 
matches the pT shape. 
 

M. Wysocki - QM2012 - Washington DC 
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rection factor was small (k < 1.03), and an uncertainty
in the correction factor based on the fit uncertainty is
included in the Type B uncertainties shown in Table IV.
For a more detailed description of this procedure, includ-
ing the fit results and the calculated values of k see Ap-
pendix A.

The 〈p2T 〉 for p+p collisions was previously published in
[15]. But we report the result here with the effect of the
J/ψ polarization on the acceptance removed. The results
are in good agreement with those presented in [15], and
are shown in Table IV.

Figure 8 shows ∆〈p2T 〉 = 〈p2T 〉dAu−〈p2T 〉pp as a function
ofNcoll. There is a broadening in the pT distribution with
respect to p+p, which increases with Ncoll, and is similar
at forward and backward rapidities. We observe a larger
increase in the pT broadening at midrapidity. However,
the significance of this observation is limited due to the
relatively large uncertainties present in the data.
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bined statistical and systematic uncertainties from the p+p
calculation.

VI. THE J/ψ RdAu

To quantify the d+Au cold nuclear matter effects, the
J/ψ RdAu is calculated for a given pT , y, and centrality
bin as:

RdAu(i) =
c

〈Ncoll(i)〉
d2Nd+Au

J/ψ (i)/dydpT

d2Np+p
J/ψ /dydpT

, (11)

where d2Nd+Au
J/ψ (i)/dydpT is the d+Au invariant yield for

the ith centrality bin, d2Np+p
J/ψ /dydpT is the p+p invariant

yield for the same pT and y bin, and 〈Ncoll(i)〉 is the av-
erage number of binary collisions for the given centrality
bin, as listed in Table I.
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FIG. 9: (Color Online) J/ψ nuclear modification factor, RdAu,
as a function of pT for (a) backward rapidity, (b) midrapidity,
and (c) forward rapidity 0–100% centrality integrated d+Au
collisions. Curves are model calculations detailed in Sec. VIA.

The 0–100% centrality integrated J/ψ RdAu as a func-
tion of pT is shown in Fig. 9 for each of the three ra-
pidity regions. The numerical values can be found in
Table VII, VIII, and IX for backward, mid and forward
rapidity, respectively. Figure 9 shows a different behav-
ior for RdAu at backward (−2.2 < y < −1.2) as opposed
to mid (|y| < 0.35) and forward (1.2 < y < 2.2) rapidi-
ties. At backward rapidity, the RdAu is suppressed only
at the lowest pT , with a rapid increase to RdAu = 1.0 at
pT ≈ 1.5 GeV/c . The mid and forward rapidity data,
on the other hand, exhibit a similar level of suppression
at the lowest pT , but a much more gradual increase in
RdAu with pT , increasing to RdAu = 1.0 only at pT ≈ 4.0
GeV/c . Figure 10 shows the same 0–100% RdAu vs pT
at all rapidities overlaid. It is striking that the shape and
absolute scale for the mid and forward rapidity data is
nearly consistent across the entire pT range of the data.

Due to the statistical limitations of the data at high
pT , it is unclear from Fig. 9 whether the RdAu increases
significantly above one. To investigate the high-pT be-
havior of the RdAu at each rapidity, the average RdAu

was calculated for pT > 4 GeV/c by fitting each distri-
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rection factor was small (k < 1.03), and an uncertainty
in the correction factor based on the fit uncertainty is
included in the Type B uncertainties shown in Table IV.
For a more detailed description of this procedure, includ-
ing the fit results and the calculated values of k see Ap-
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The 〈p2T 〉 for p+p collisions was previously published in
[15]. But we report the result here with the effect of the
J/ψ polarization on the acceptance removed. The results
are in good agreement with those presented in [15], and
are shown in Table IV.

Figure 8 shows ∆〈p2T 〉 = 〈p2T 〉dAu−〈p2T 〉pp as a function
ofNcoll. There is a broadening in the pT distribution with
respect to p+p, which increases with Ncoll, and is similar
at forward and backward rapidities. We observe a larger
increase in the pT broadening at midrapidity. However,
the significance of this observation is limited due to the
relatively large uncertainties present in the data.
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The 0–100% centrality integrated J/ψ RdAu as a func-
tion of pT is shown in Fig. 9 for each of the three ra-
pidity regions. The numerical values can be found in
Table VII, VIII, and IX for backward, mid and forward
rapidity, respectively. Figure 9 shows a different behav-
ior for RdAu at backward (−2.2 < y < −1.2) as opposed
to mid (|y| < 0.35) and forward (1.2 < y < 2.2) rapidi-
ties. At backward rapidity, the RdAu is suppressed only
at the lowest pT , with a rapid increase to RdAu = 1.0 at
pT ≈ 1.5 GeV/c . The mid and forward rapidity data,
on the other hand, exhibit a similar level of suppression
at the lowest pT , but a much more gradual increase in
RdAu with pT , increasing to RdAu = 1.0 only at pT ≈ 4.0
GeV/c . Figure 10 shows the same 0–100% RdAu vs pT
at all rapidities overlaid. It is striking that the shape and
absolute scale for the mid and forward rapidity data is
nearly consistent across the entire pT range of the data.

Due to the statistical limitations of the data at high
pT , it is unclear from Fig. 9 whether the RdAu increases
significantly above one. To investigate the high-pT be-
havior of the RdAu at each rapidity, the average RdAu

was calculated for pT > 4 GeV/c by fitting each distri-
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rection factor was small (k < 1.03), and an uncertainty
in the correction factor based on the fit uncertainty is
included in the Type B uncertainties shown in Table IV.
For a more detailed description of this procedure, includ-
ing the fit results and the calculated values of k see Ap-
pendix A.

The 〈p2T 〉 for p+p collisions was previously published in
[15]. But we report the result here with the effect of the
J/ψ polarization on the acceptance removed. The results
are in good agreement with those presented in [15], and
are shown in Table IV.

Figure 8 shows ∆〈p2T 〉 = 〈p2T 〉dAu−〈p2T 〉pp as a function
ofNcoll. There is a broadening in the pT distribution with
respect to p+p, which increases with Ncoll, and is similar
at forward and backward rapidities. We observe a larger
increase in the pT broadening at midrapidity. However,
the significance of this observation is limited due to the
relatively large uncertainties present in the data.
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J/ψ (i)/dydpT is the d+Au invariant yield for

the ith centrality bin, d2Np+p
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yield for the same pT and y bin, and 〈Ncoll(i)〉 is the av-
erage number of binary collisions for the given centrality
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The 0–100% centrality integrated J/ψ RdAu as a func-
tion of pT is shown in Fig. 9 for each of the three ra-
pidity regions. The numerical values can be found in
Table VII, VIII, and IX for backward, mid and forward
rapidity, respectively. Figure 9 shows a different behav-
ior for RdAu at backward (−2.2 < y < −1.2) as opposed
to mid (|y| < 0.35) and forward (1.2 < y < 2.2) rapidi-
ties. At backward rapidity, the RdAu is suppressed only
at the lowest pT , with a rapid increase to RdAu = 1.0 at
pT ≈ 1.5 GeV/c . The mid and forward rapidity data,
on the other hand, exhibit a similar level of suppression
at the lowest pT , but a much more gradual increase in
RdAu with pT , increasing to RdAu = 1.0 only at pT ≈ 4.0
GeV/c . Figure 10 shows the same 0–100% RdAu vs pT
at all rapidities overlaid. It is striking that the shape and
absolute scale for the mid and forward rapidity data is
nearly consistent across the entire pT range of the data.

Due to the statistical limitations of the data at high
pT , it is unclear from Fig. 9 whether the RdAu increases
significantly above one. To investigate the high-pT be-
havior of the RdAu at each rapidity, the average RdAu

was calculated for pT > 4 GeV/c by fitting each distri-
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rection factor was small (k < 1.03), and an uncertainty
in the correction factor based on the fit uncertainty is
included in the Type B uncertainties shown in Table IV.
For a more detailed description of this procedure, includ-
ing the fit results and the calculated values of k see Ap-
pendix A.

The 〈p2T 〉 for p+p collisions was previously published in
[15]. But we report the result here with the effect of the
J/ψ polarization on the acceptance removed. The results
are in good agreement with those presented in [15], and
are shown in Table IV.

Figure 8 shows ∆〈p2T 〉 = 〈p2T 〉dAu−〈p2T 〉pp as a function
ofNcoll. There is a broadening in the pT distribution with
respect to p+p, which increases with Ncoll, and is similar
at forward and backward rapidities. We observe a larger
increase in the pT broadening at midrapidity. However,
the significance of this observation is limited due to the
relatively large uncertainties present in the data.
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FIG. 9: (Color Online) J/ψ nuclear modification factor, RdAu,
as a function of pT for (a) backward rapidity, (b) midrapidity,
and (c) forward rapidity 0–100% centrality integrated d+Au
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The 0–100% centrality integrated J/ψ RdAu as a func-
tion of pT is shown in Fig. 9 for each of the three ra-
pidity regions. The numerical values can be found in
Table VII, VIII, and IX for backward, mid and forward
rapidity, respectively. Figure 9 shows a different behav-
ior for RdAu at backward (−2.2 < y < −1.2) as opposed
to mid (|y| < 0.35) and forward (1.2 < y < 2.2) rapidi-
ties. At backward rapidity, the RdAu is suppressed only
at the lowest pT , with a rapid increase to RdAu = 1.0 at
pT ≈ 1.5 GeV/c . The mid and forward rapidity data,
on the other hand, exhibit a similar level of suppression
at the lowest pT , but a much more gradual increase in
RdAu with pT , increasing to RdAu = 1.0 only at pT ≈ 4.0
GeV/c . Figure 10 shows the same 0–100% RdAu vs pT
at all rapidities overlaid. It is striking that the shape and
absolute scale for the mid and forward rapidity data is
nearly consistent across the entire pT range of the data.

Due to the statistical limitations of the data at high
pT , it is unclear from Fig. 9 whether the RdAu increases
significantly above one. To investigate the high-pT be-
havior of the RdAu at each rapidity, the average RdAu

was calculated for pT > 4 GeV/c by fitting each distri-
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rection factor was small (k < 1.03), and an uncertainty
in the correction factor based on the fit uncertainty is
included in the Type B uncertainties shown in Table IV.
For a more detailed description of this procedure, includ-
ing the fit results and the calculated values of k see Ap-
pendix A.

The 〈p2T 〉 for p+p collisions was previously published in
[15]. But we report the result here with the effect of the
J/ψ polarization on the acceptance removed. The results
are in good agreement with those presented in [15], and
are shown in Table IV.

Figure 8 shows ∆〈p2T 〉 = 〈p2T 〉dAu−〈p2T 〉pp as a function
ofNcoll. There is a broadening in the pT distribution with
respect to p+p, which increases with Ncoll, and is similar
at forward and backward rapidities. We observe a larger
increase in the pT broadening at midrapidity. However,
the significance of this observation is limited due to the
relatively large uncertainties present in the data.
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VI. THE J/ψ RdAu

To quantify the d+Au cold nuclear matter effects, the
J/ψ RdAu is calculated for a given pT , y, and centrality
bin as:
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where d2Nd+Au
J/ψ (i)/dydpT is the d+Au invariant yield for

the ith centrality bin, d2Np+p
J/ψ /dydpT is the p+p invariant

yield for the same pT and y bin, and 〈Ncoll(i)〉 is the av-
erage number of binary collisions for the given centrality
bin, as listed in Table I.
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FIG. 11: (Color Online) J/ψ → µ+µ− RdAu, as a function of
pT for a) central, b) midcentral, c) midperipheral, and d) pe-
ripheral events in the interval −2.2 < y < −1.2. The 60–88%
RdAu point at pT = 5.75 GeV/c has been left off the plot, as
it is above the plotted range and has very large uncertainties,
however it is included in Table XIII. Curves are calculations
by Ferreiro et al. [27] discussed in the text.

tion. Little theoretical or experimental guidance cur-
rently exists on the exact nature of this effect due to
the many complications and competing effects involved
in J/ψ production in p(d)+A collisions. Often this effect
is modeled by a simple “effective” cross section, which re-
mains constant with pT , however there are a number of
models, including a dynamic breakup cross section that
changes based on the kinematics of the produced J/ψ.

The broadening of the pT distribution, termed the
Cronin effect [31], is typically attributed to multiple elas-
tic scattering of the incoming parton before the hard col-
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FIG. 12: (Color Online) J/ψ → e+e− RdAu, as a function
of pT for a) central, b) midcentral, c) midperipheral, and d)
peripheral events in the interval |y| < 0.35. Curves are calcu-
lations by Ferreiro et al. [27] discussed in the text.

lision that produces the J/ψ. This modifies the pT de-
pendence of the J/ψ production by adding pT vectorially
to the incoming parton. This generally causes a decrease
in J/ψ production at low pT and a compensating increase
at higher pT (pT ≈ 5−10 GeV/c ), which eventually falls
off at yet higher pT (pT ≈ 10 GeV/c ).

The first set of model calculations that we discuss is by
Kopeliovich et al. [32, 33] where the effects on a cc̄ dipole
propagating through a nucleus are calculated. The J/ψ
production is calculated based on 2→1 kinematics,

x =

√

〈M2
cc̄〉+ 〈pT 2〉√

s
e−y, (12)
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however it is included in Table XIII. Curves are calculations
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in J/ψ production at low pT and a compensating increase
at higher pT (pT ≈ 5−10 GeV/c ), which eventually falls
off at yet higher pT (pT ≈ 10 GeV/c ).

The first set of model calculations that we discuss is by
Kopeliovich et al. [32, 33] where the effects on a cc̄ dipole
propagating through a nucleus are calculated. The J/ψ
production is calculated based on 2→1 kinematics,
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to the incoming parton. This generally causes a decrease
in J/ψ production at low pT and a compensating increase
at higher pT (pT ≈ 5−10 GeV/c ), which eventually falls
off at yet higher pT (pT ≈ 10 GeV/c ).

The first set of model calculations that we discuss is by
Kopeliovich et al. [32, 33] where the effects on a cc̄ dipole
propagating through a nucleus are calculated. The J/ψ
production is calculated based on 2→1 kinematics,

x =

√

〈M2
cc̄〉+ 〈pT 2〉√

s
e−y, (12)
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FIG. 11: (Color Online) J/ψ → µ+µ− RdAu, as a function of
pT for a) central, b) midcentral, c) midperipheral, and d) pe-
ripheral events in the interval −2.2 < y < −1.2. The 60–88%
RdAu point at pT = 5.75 GeV/c has been left off the plot, as
it is above the plotted range and has very large uncertainties,
however it is included in Table XIII. Curves are calculations
by Ferreiro et al. [27] discussed in the text.

tion. Little theoretical or experimental guidance cur-
rently exists on the exact nature of this effect due to
the many complications and competing effects involved
in J/ψ production in p(d)+A collisions. Often this effect
is modeled by a simple “effective” cross section, which re-
mains constant with pT , however there are a number of
models, including a dynamic breakup cross section that
changes based on the kinematics of the produced J/ψ.

The broadening of the pT distribution, termed the
Cronin effect [31], is typically attributed to multiple elas-
tic scattering of the incoming parton before the hard col-
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of pT for a) central, b) midcentral, c) midperipheral, and d)
peripheral events in the interval |y| < 0.35. Curves are calcu-
lations by Ferreiro et al. [27] discussed in the text.

lision that produces the J/ψ. This modifies the pT de-
pendence of the J/ψ production by adding pT vectorially
to the incoming parton. This generally causes a decrease
in J/ψ production at low pT and a compensating increase
at higher pT (pT ≈ 5−10 GeV/c ), which eventually falls
off at yet higher pT (pT ≈ 10 GeV/c ).

The first set of model calculations that we discuss is by
Kopeliovich et al. [32, 33] where the effects on a cc̄ dipole
propagating through a nucleus are calculated. The J/ψ
production is calculated based on 2→1 kinematics,

x =

√

〈M2
cc̄〉+ 〈pT 2〉√

s
e−y, (12)

J/ψ vs. pT 
(peripheral and central) 
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Au d 

Weak modification in peripheral; shadowing reproduces fairly well, 
except to strong at forward rapidity 

Stronger modification in central; shadowing alone cannot reproduce the trend 
 
Backward rapidity: high pT à EMC effect suppression 
Need Cronin-like scattering or some other physics! 

See Parallel 1D talk by Darren McGlinchey 

-2.2 < y < -1.2 |y| < 0.35 1.2 < y < 2.2 



ψ’ at midrapidity 
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Consistent with zero in most central collisions! 

ψ’/(J/ψ) in p+p = 2.1 ± 0.5% 



 


ψ’ at midrapidity 
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Consistent with zero in most 
central bin 
 
 
Completely different from J/ψ 
case 
Ø  J/ψ also includes ψ’ feed-down. 
 
 
 

Shadowing/Cronin should be the same… 
à Different break-up cross sections? 
	


ψ’ has a radius ~twice the size of J/ψ, so isn’t this what we expect? 



 
ψ’ / J/ψ ratio should be unity when 
the time in nucleus < formation 
time. 
 
Curve is a model calculation 
based on NA50 and E866 data. 

J/ψ or ψ’ cc 
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New PHENIX data is completely at odds with this picture 

See Parallel 1D talk by Darren McGlinchey 



A+AàQGP Implications 
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Impossible to use charmonia (even bottomonia?) as a QGP thermometer 
without calibrating the CNM suppression first! 
 

ϒ(1S)

ψ´ J/ψχc

ϒ(3S) ϒ(2S)

λD

1.1Tc 2.3Tc

ε (GeV/fm3)

0.74Tc0.2Tc

We are going to need: 
1.  Precision charmonia and upsilon measurements in p+A at the LHC 

and d+A with sPHENIX at RHIC. 
2.  Precision models to extrapolate CNM measurements to A+A. 



Summary 
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PHENIX has a comprehensive set of d+Au measurements available.  
Plenty for theorists to chew on!  Many interesting effects! 
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Centrality DependenceCentrality Dependence

Flattening of the p
T
 distribution when moving to peripheral events.

π0 jets Electrons from HF J/ψ 

ψ’ is strongly suppressed in central collisions, in contrast with J/ψ. 



Matthew Wysocki 
Oak Ridge National Laboratory 

August 13, 2012 

Cold Nuclear Matter Effects in 



Backup 
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(in)conclusions 
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•  Some results are explained reasonably well by shadowing/Cronin 
enhancement, but many are not. 
-  Proton enhancement not explained by traditional Cronin models. 

•  In particular: RdA vs. pT for peripheral π0 and jets, and central HF 
electrons and J/ψ are not reproduced by the current models. 

•  ψ’ suppression not understood within current charmonia picture. 
•  LHC p+A measurements of heavy quarkonia will be a necessity 

•  Centrality/geometric dependence of modification not understood. 

Still a lot of mystery in CNM effects at RHIC! 
 
MPC-EX and sPHENIX upgrades will provide even better constraints 
down the road, but the current data already presents a strong 
challenge to theoretical models. 
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π0 RdA 
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New π0 RdA from Run 8! 
 
•  Better statistics than Run 3 
à Extends pT reach by 5 GeV/c 

•  Better constraint for nPDFs 

•  Larger correlated systematics  
b/c p+p is from different year. 

 
Some enhancement pT > 2 GeV/c 
•  Anti-shadowing? 
•  Cronin initial-state scattering? 
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RdA compared with the 2003 data
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Mass Plot 

0-20% 
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Mass Plot 

0-20% 
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Summary 
PHENIX has a comprehensive set of d+Au measurements available.  
Plenty for theorists to chew on!  New results include: 
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